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Pags 8.
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
TECHNICAL NOTE NO. 100.

THEORY OF THE SLOTTED WING.*
Lecture by A. Betz, @dttingen.

Through the intensive study of all technical aviation prob-
lems during the war, the ﬁost important aiiplane parté, especi-
ally the wing, were so thoroughly tested as to create the im-
pression that no further substantial improvement was possible.
The characteristics of the different wing sections were suffici-
ently known to enable one to select the most suitable section
for almost any purpose.

Then the discovery by lLachmann and Handley-page suddenly re-
vealed entirely new possibilities and the wing section agaln ve-
came a rich field of problems. as probably you all know, this
discovery consisted in making one or more slots in the wing sec-
tion (Fig. 1l). 1In this way it is possible to use the wing at
higher angles of attack and thus considerably increase the 1ift.
The lift-drag ratio, however, seems to be no better in general
than for ordinary wing sections. The advantage lies principally
in the ability to vary the coefficient of 1ift, and hence the
speed, within considerably wider limits. Hereby, the difficul-
tles of teking off and landing are diminished and greater flight

* Reprint from »Berichte und Abhandlungen der Wissenschaftlichen
Gesellschaft flir puftfahrtv (supplement to wZeitschrift fir Flug-
technik und Motorluftschiffahrtr), yo. 6, Jamary, 1923.
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speeds made possible. our knowledge of the behavior of such
slotted wings under the most diverse conditions is, unfoFtunate-
ly, very limited, and there is still much work to do beforé we
shall have carried our investigations so far as to be able to
choose, from the many possible modifications, the one best adapt-
ed for any given purpocse.

The question of the most practical importance is what must
be done in order that with an airplane we can obtain the best
possible lift-drag ratio if the lift-coefficient is low and, in
addition, be able toc reach by easily made changes, a considerably
higher oefficient of 1ift, where the liff—drag ratio does not
need to be especially good. The former condition would be used
in ordinary horizontal flight and the latter in taking off or in
landing. The purely experimental solution of all the problems
connected with these new wing sections is rendered very difficult
by thé large number of possible modifications. The most diverse
cross—sections maf be given the component parts of the wing and
their relative size may be varied, thus bringing the slot mearer
either the leading or trailing edge. rurthermore, the relative
position of the parts and the widsh of the intervening slot may |
be varied. Lastly, there is the possibility of varying the num-
ber of the component wing-parts by the introduction of one or more
slots. although, for structural reasons, many forms do not come
into practical consideration, the number of possibilities is still
very large.

The experimental work will be considerably simplified and
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rendered more productive of resulis, if we succeed in obtaining

at least an approximate idea of what takes place. Te are still,
however, far from being able to glve a complete theoretical expla~
nation of the phenomena of slotted wingn., Nevertheless, we can
contribute something toward the explanation of the unusual in-
‘crease of the 1ift coefficient. I do not wish, however, to create
the impression that whas I aw about to say is conclus;ye. I wiéh |
rather to bring the matter up for discussion, in the nope that
st111 other viewpolnts may be presented, which will help to clari-
£y the problemn. '

We must first conslder the question as to how it happens that,
‘with a given wing section, the lift coefficient cannot be increas-
éd at will. In order to answer this fundamental question, we must
consider more carefully the proecess by which 1ift is generated.
It is known that 1ift is produced by the greater velocity, and
conraequently smallier pressure, of the air on the upper side of
the wing, than on the lower (rig. 3). This difference must vanieh
at the trailing edge, around which the pressures can become equal-
ized. The difficulty lies in the fact that a strong suction must
be generated on the upper side, only to vanish again at the trail-
~ing edge. From the polnt of least pressure on, the kinetic energy
of the air must thersfore be transformed into pressure by & gradu-
al increase in the cross—-section of the tubes of flow. There
accordingly takes place, on the rear portion of the upper side,

a phenomenon very similar to the flow through a widening tube.
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Now, it is known that such & flow, in which kinetic energy
is transformed into pressure, remains s3zble only for é very goad-~
ual increase in the size of the cross-section. If the diameter
increas€s "too rapidly, the air does not continue %o flow smoothly
along the wall, but separates from it and goes its own way, as a
free jet, and the increased pressure is not obtained. If we in~
crease the angle of attack of an alrplans, the cross—~sections of
.the tubes of flow on the suction-side are increaced; and if a cer—
tain figure is exceeded, the air no longer flows aloné the upper
gurface of the wing, but is torn off, as it is expressed. This
phenomenon is shown by Figs. 3 and 4. (The photographs were made
by Dr. Heis and published in prof. prandtlt's report on the gbttin- |
gen Aerodynamic Laboratbtory, in the yvear Book of the air Traffic '
Association, 1912-1813.) The first picture shows a wing having s
normal angle of attack. The flow conforms quite well to the top
of the wing and is not seriously affected by the small vortices
which cover the wing. with larger wings and greater velocities,
the vortices are probably still smaller. The second pisture showé :
the same wing at a somewhat greatsr angle of attack, in which case :
the fluid no longer follows thé top of the wing.

Involuntarily we now ask how it happens that the air does not
separate on evenla ﬁoderate increase in the diameter of the c¢ross-
sectlon, The explanation lies in the wiscosity of the air or;, in ,

most cases, more correctly, in an apparent viscosity, whizh, in

turbulent phenomena, 1s conditioned by the turbulence itself. The -
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case may be pictured qualitatively as follows: The fluid has a
tendency, on account of its inertia, tc flow straight ahead, in-
stead of following the cuxved surface, but then there must exiss,
between it and the surface of the wing, a quiet or an eddying
ndead-waterr reglon. This vdead waterv is now carried along by
friction (or the effect of viscosity) and must be constantly re-
placed (Fig. 4). Now, when the viscosity is so great that, in a
given time, more fluld is carried away than can flow in, the
ndead watert disappears and the flow follows the surface of the
wing (Fig. 3).

guch are the general outiines of the phenomena which produce
1ift and which also limit its magnitude. ynfortunately these phe-
nomena cannot be treated quantitatively by theoretical methods.
we rust therefore content ourselves with qualitative illustra~’ ..
tions and will now endeavor to explain, on this basis, the action
* of the slotted wing. )

"For the sake of simplicity, we will assume that there is on-
ly one siot. guch a wing seciion may be imagined as a biplane
with & very great positive stagger and a very small distance be-
tween the winés. some justification for this conception procee&s
from the fact that, even with an ordinary biplane, the maximum
1ift is increased by a positive stagger. According to biplane
measurements published by myself in the fourth volume of ugzeit-
schrift fir rlugtechnik und Motorlufischiffahrt,® the maximum

Gy, without stagger was 100, with a positive stagger of 30 it

S~



-6 -

was 110 and for one wing alone it was 108. gimilar results were
also obtained'in England (Technical Report of the pdvisory gommit-
tee for Aeronautics, 1915-16, Rep. 196, gect. II). Though the ' -
differences are not great, they would evidently be greater, if

the stagger were increased and the interval vetween the wings di-
minished.

We will first consider only the front wing and discuss how
its characteristics are affected by the rear wing. From the theo-
ry of the biplane, we know that the flow is here obliguely upward.
This affects the lift-drag ratio, but not the maximum coefficient
of_lift; which here alone interests us. We also know that, at
this point, the flow forms a curve with the concave side up. This
has about the same effect as increasing the wing camber. By in-
creasiﬁg the lgtter, the maximum 1lift may actually be increased,
though only teo a very limited degree and gt the expense of the
lift-drag ratio. The rear wing is similarly affected by the cur-
vature effect. It may therefore be assumed that the influence of
the curvature of the flow plays & role of some importance with a
given wing section. with a moderately large camber, but nothing
further is thsreby gained than would be galned by a larger camber.
The extraordinarily large increase in the maximum 1ift cannot
therefore be thus explained.

The following consideration may be of more importance. The
front wing lies in a :egion'of increased velocity. Now, since the

force of the air is proportionmal to the square of the velocity, it
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is evident that the 1ift on the front wing is thereby considera-
bly increased. This argumnent has but one éxception, nemely, that
the reverse is true of the rear wing, so that for the combination
of the two wings the two effects neutralize each other. In c¢al-
culating the relations for an unstaggered bilplane, we even obtain
a smaller maximum 1lift than for the two wings alone and this re-
sult is confirmed by experiments. The relations are, however,
somewhat changed by staggering. Wwe must go into this more thor-
oughly.
. We will first consider the errangement with two wings of
about the same size in which the relations stand out, the clearest.
the front wing, taken alone, would have a pressure distribution
somewhat as shown by the fine line on the left of Fig. 5. Now,

if we bring the rear wing, which has about the same preésure dis-
tribution by itself, into proximity with the front wing, the
Trailing edge of the latter will lie in a region of great veloci-
ty, and correspondingly emall pressure, produced by the rear wing.
The leading edge of the front wing, on account of its greater Cls-
tance from the rear wing, lies in air that is much less disturbed
and consequently in a region of nearly normal pressure. The lead-
ing edge of the front wing is, accordingly, not much affected by
the pressnze of the rear wing, while the pressure on the trailing
edge of the front wing is Giminished. We will thsrefore obtain,
for the front wilng, a 1lift distribution corresponding somewhat to

the dash curve in pig. 5.
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Through this modificatién of the pressure curve, the pressure
increase on the suction (upper) side becomes much flatter. on
the other hand we know that the limit of the 1if% is determined
by the steebness of the pressure curve., It is therefore evident
that we may now further increase the angle of attack, until the
inclination of the Pressure curve again reaches its limit value
(heavy line in Fig. 5). gince the velocity has beecome greater
everywhere, the presédre curve may climb steeper than before. '

As is obvious, the 1lift, which is represented by the area in-
closed by this curve, has become considerably greater.

Let us now turn our attention to the rear wing. Here we find
corresponding phenomena. The front wing produces on the leading
edge of the rear wing a decrease in velocity and a consequent de-

crease in the pressure dimimution or suction. The $railing edge

remains practlcally unaffected. Thus we obtain hers, near the
leading edge and mainly on top, an increase in pressure. The
stiong suction (or negabtive pressure) is diminished, so that here
also there is & flatter pressure increase, as shown by the dash
line. By inoieasing the angle of attack, we return spproximately
%o the origimal curve, while the 1lift of the rear wing remains
practlcally unchanged. Hence, in thils combination, the two wings
produce a greater maximum lift tﬁan when separate, the gain being
principally on the frount wing.

The phenomena described will perhaps be more intelliglble, if

we take for comparison the perfectly analogous phenomena of a sim-
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ple and a compound Venturi tube. Fig. 6 shows a double Venturi
tube, such as is often used on airplanes for measuring alr speed.
If we first imagine the small inside tube removed, we have a sim-
ple Venturi tube. The air flows through the constricted section
with ipcrgased velocity and correspondingly diminished pressure,
In the diverging cone behind it, the kinetic energy is again
largely transformed into pressure, so that at the rear end, the
external and internasl pressures are again equal. Exactly the
' same causes which limit the 1ift in a wing, here make 1% impossi-~
ble to obtain, by narrowing the throat, a pressure diminution of
any désired value. In this case, however, it has long been known
how %o increase the suction by é suitable combination of tubes.
Such an instrument is shown in the figure. The exit of the inner
tube is at the point where a diminished pressure is already pro-
duced by the outer tube, The.lafter now forms the starting point
for the fuither pressure diminufion in the inner tube, just as in
the case of the front part of the slotted wing section, which we
have already considersd. |

We assumed in our discussion that thé two parts of the wing
were of about the same size. In practice, however, the froﬁtpart
is usually much narrower than the .rear part. Our assumption that
the pressures on the leading edge of the front part were not_not-'_
iceably affected by the rear.part, no longsr holds true. Bere the
whole of the fiont section lies in & field of increased velocity

and is thus able to produce a greater lift, since the lift is pro-
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portional to the square of the velosity. For the rear section,

however, our previous remarks hold good. The disturbands :dus to
the front section is felt principally on the leading edge, which
therefore hss approximatelﬁ its normal 1ift. Accordingly, we even
here obtain inereased 1ift for the whole combination. '
That the actual pressuré distribution is approximately as de-

scribed, follows from the data published by Handley-page in "Engi-
neeringt, March 4, 1821. These data are given in Fig. 7. For
small angles of dttaok, the rear section shows about normal 1iff%
distribution. The auxiliary wing in front gives only a small 1ift,
" since its-angle of attack 1s much too small. Only from-lao up
does the 1lift of the auxiliary wing show any considerable increase,
¥hile the pressure distribution of the main wing remains almost
the same. The increased suction on the trailing sdge of the aux-
iliary wing is'also evident. At about 360, the flow separates
from the main.wing and the 1ift of the aﬁxiliary wing diminishes.

| The above conception of the phenomena renders the occurrence
of an.increased 1ift coefficient somewhat more comprehensible and
even offers the prospect of making it possible to compute the re-
lations. oOn the other hand, the following consideration may be
presented.' If the slot is'conﬁinuously narrowed, the arguments
pointing to a higher maximum 1ift continue to hold good, but the
phenomena vanish when the slot is closed altogether. This was to
to be expected from the firet, since the wing is transformed by

closing the slot into one of a practically normal shape. In any
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event, a slot of a certain minimum wldth is essential. gince the
theory just presented, says nothing about this, ths phenomena
must also be considered from a different standpcint.

In explaining the'phenomena of 1ift production, I called at-
tenéion to the fact that the clinging of the air stream to, or its
separation from, the upper surface of the wing depends on whether
the dead air is carried off fast enough. Twhen we cansider this
phencmenon én-the rear section of a slotted wing, it 1is obvious
that the work (which may be called pump~work or suction) must be
performed at the expense of the kinetic energy of the thin air
‘stTeam flowing through the slot. If the latter is made too narrow,
the ribbon of air finally becomes so thin that its kinetic energy
no ibnger holds out to the trailing edge of the rear section, but
is, itself, transformed into dead air by mixing with the dead air
above and below it. When considered from this standpoint, the
rhenomena of the slotted wing appear in quite another light. We
can now think of this wing section as an entity, derived from an
ordinary wing section by'connéoting its upper and lower surfaces
by siéts, which is, in fact., the conventional conception. The
slots convey new energy to the marginél layer of air retarded by
friction on top of the wing, thereby increasing its veloc;t& and
thus preventing the accumulation of dead air. The alr stream
flowing out of the slot acts like the jet from a syringe and rein-
forces the air stream on top of the wing in carrying away the dead

alr. gince the production of 1ift depends on the efficiency of
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this pump~work and the maximum 1ift is conditionsd by the limited
possibility of carrying off the dead air, it is apparent thatlany
increase in ‘the pumping efficiency'inoreases the maximum 1lift.

We are now inclined to ask which of these two theories is
the.righf one. The answer is that both are edqually correct,
since they both explain the same phenomena, but from different
standpoints. We should rather ask which viewpoint is the more
practical. To this question I would reply that we have use for
both, according to.what we wish to learn. The conception of the
slotted ﬁing as a biplane whose Wings mutually influence each
other has the'advantége'of eﬁabling computation to é certain ex-—
tent. with its ﬁelp,'we may succeed in constructing formulas
- which will énable the determination; in some measure, of the Quah—
titative ralations. The second viewpoint is essential, when it
is des;red to form an idea of the requisite width of the slot.
.11 would ada a word of warning against too great optimism. The re-
lations are much more complicated here, than, for example, in the
theory of ihe monoplang or biplane. Much work must still be done,
before these theories aIe-developed inib practidal rules. wWwWith . -
the limited means now avaiiable, rmich time will be required for
.this work. The immediate task is to determine whether the theo-
ries just presented really explain the essential features of the
_phenomena, or whether other circumstances of decisive influence
- will come in. This cannot béroonclusively determined from the éxr_

perimental data now available. If the theory, however, agrees
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with tke facts, this is already a great gain, even though we do
not succeed in working out convenient computation. formulas. We
then know, at least, what the essenvials are for ovtaining thae

right shapes and can thus save ourselves much useless work.

Translated by the National advisory gommittee for pgeronautics.
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Fig.4. Fiow about a wing section at
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@ZZZZZZZQZ§\ . Fig.8. Double Venturi tube with

cbrresponding pressure distribu—
Fig. 5. Change in pressure tion. (Pressure in outer tube,
distribution due to mutual plain; in inner tube,dasbsd. )

influence of both wing sec-
tions. 1. Undisturbed pres-
sure distribution (fine

line). 3. Disturbed pres- 3. Pressure distribution with

sure distribution with un-
changed angle of attack
(dash line).

increased angle of attack,

(heavy line). For rear wing
curves 1 and 3 coincide.
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